Impinging synthetic jets have been identified as a promising technique for cooling miniature surfaces like electronic packages. This study investigates the relation between the convective heat transfer characteristics and the impinging synthetic jet flow structure, for a small jet-to-surface spacing H/D = 2, dimensionless stroke length 1 < L 0 /D < 22, and Reynolds number 1000 < Re < 4300. The heat transfer measurements show evidence for a power law relationship between the Reynolds and Nusselt number for a constant stroke length. A critical stroke length L 0 /H = 2.5 has been identified. Using phase-resolved particle image velocimetry, vortex quantification is applied to elucidate the influence of the impinging vortex on the timeaveraged heat transfer distribution. 
phase. For axisymmetric jets, a jet formation threshold value corresponds to
Gillespie et al. [3] show that the stagnation point flow can be turbulent at
20
Reynolds numbers far below the transition value for steady jets. However this 21 cannot be generalized since the transition to turbulence is a complex process.
22
According to Smith 
74
The local convective heat fluxq is determined from the electrical power, and is 
The uncertainty in the heat flux ∆q/q arises mainly from non-uniformities in ∆T results from a combination of uncertainty in the infrared camera mea-87 surement and the radiation properties of the heated foil and its surroundings.
88
Overall, ∆T = 0.25
89
A determining factor in the overall uncertainty ∆h is the temperature dif- frequency f 0 , up to a geometry-dependent frequency limit [10] . Using the pres-113 sure magnitude p * , the velocity magnitude U * m is determined from:
where L = L + 2βD is the effective orifice length (β = 0.425 for a sharp- From the phase-resolved velocity fields, the vorticity field ω is obtained using 
174
For high stroke lengths from L 0 /D > 5 (Fig. 3c,d ), an increasingly stronger 
where the exponent n = 0.32 ± 0.06, the saturation value c = 1.52 ± 0.04 and 227 the intercept a = 0.19 ± 0.07.
228
The data points for N u 0 /Re n collapse reasonably well to Eq. (3). Furthermore, to the phases listed in Table 1 .
258 Table 1 lists the characteristics at eight distinct phases in the vortex impinge- and size (Fig. 7a) .
266
(b) Around the peak ejection phase (θ = θ max ), the vortex detaches from the 267 orifice and attains its maximum strength (Fig. 7b) .
268
(c,d) Upon impingement ( Fig. 7c and d ), Fig. 6 shows that the vortex strength 269 and size suddenly decrease to a minimum.
270
(e) Fed by the final part of ejection phase, the vortex recovers and attains its 271 maximum strength after impingement (Fig. 7e) . Afterwards, Fig. 6 shows 272 that the vortex moves rapidly radially outward to r c /D 2.2.
273
(f) The vortex continues to lose strength yet remains quasi stationary at 274 r c /D 2.2 until the end of the suction phase (θ = θ max + 270 • ) (Fig. 7f) .
275
Only after the start of the next ejection phase does the vortex continue 276 to move further outwards.
277
(g) Following the impingement of the new vortex, the old vortex moves up-278 wards away from the surface (Fig. 7g) . Note that angles θ (g) and θ (e) 279 differ by 360
• , thus show the same vorticity field but illustrate the dis-280 tance traveled by the vortex during one cycle.
281
(h) Shortly after, the vortex completely loses coherence and dissipates into 282 turbulence (Fig. 7h) . on the flow field results during vortex impingement (Fig. 7c-e) . As Table 1 300 indicates, the vortex centre is at r c /D = 0.89 upon impingement (Fig. 7c) . (Fig. 7d,e) .
305
The heat transfer decreases monotonously with increasing radius. At 2.5 < 306 r/D < 3, a modest secondary peak can be identified, which also marks the ra-307 dius of influence of the jet (second vertical dotted line in Fig. 8 ). Interestingly, 
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The flow field characteristics have been investigated using particle image ve- Table 1 Vortex characteristics for L 0 /D = 8.7 and Re = 1020 at eight characteristic phases Re = 1020 at eight characteristic phases θ (a) through θ (h) (see Table 1 ). Contour Table 1 and Fig. 7 ), for L 0 /D = 8.7
and Re = 1020
